Mechanisms of dimethyl sulphide (DMS) and methanethiol (MT) production and consumption were determined in moderately hypersaline mats, Guerrero Negro, Mexico. Biological pathways regulated the net flux of DMS and MT as revealed by increases in flux resulting from decreased salinity, increased temperature and the removal of oxygen. Dimethylsulphoniopropionate (DMSP) was not present in these microbial mats and DMS and MT are probably formed by the reaction of photosynthetically produced lowmolecular weight organic carbon and biogenic hydrogen sulphide derived from sulphate reduction. These observations provide an alternative to the notion that DMSP or S-containing amino acids are the dominant precursors of DMS in intertidal sediment systems. The major sink for DMS in the microbial mats was biological consumption, whereas photochemical oxidation to dimethylsulphoxide was the major sink for DMS in the overlying water column. Diel flux measurements demonstrated that significantly more DMS is released from the system during the night than during the day. The major consumers of DMS in the presence of oxygen were monooxygenase-utilizing bacteria, whereas under anoxic conditions, DMS was predominantly consumed by sulphate-reducing bacteria and methanethiol was consumed by methanogenic bacteria. Aerobic and anaerobic consumption rates of DMS were nearly identical. Mass balance estimates suggest that the consumption in the water column is likely to be smaller than net the flux from the mats. Volatile organic sulphur compounds are thus indicators of high rates of carbon fixation and sulphate reduction in these laminated sediment ecosystems, and atmospheric sulphur can be generated as a biogenic signature of the microbial mat community.
Introduction
Microbial mats are laminated organo-sedimentary structures (Gerdes et al ., 1994) that are considered to be the oldest ecosystems on Earth (Awramik, 1984) . Moreover, these resilient ecosystems have dominated the Earth for most of its history (Castenholz, 1994; Hoffman, 2000) . The microbial mat community consists of a discrete number of functional groups (Van Gemerden, 1993; Visscher and Van Gemerden, 1993) : (1) oxygenic photolithoautotrophs, or cyanobacteria; (2) anoxygenic photolithoautotrophs, or purple and green sulphur bacteria; (3) aerobic chemo-organoheterotrophic bacteria, some of which are capable of fermentation; (4) anaerobic chemoorganoheterotrophic bacteria, predominantly sulphate-reducing bacteria (SRB); and (5) chemolithoautotrophic bacteria, predominantly sulphide oxidizing bacteria (SOB). Some SOB can use organic carbon compounds and therefore are mixotrophs.
The microorganisms live in close proximity in the mat. As a result, the cycling of major elements (C, N, O, S, etc.) is very tight and chemical depth profiles (e.g. O 2 , H 2 S) are steep (Revsbech et al ., 1983) and display characteristic diel patterns (Des Marais, 1995; Visscher et al ., 2002) . The net phototrophic production of microbial mats is as high as 5 g C m -2 day -1 (Jørgensen, 2001) , and > 99% of the fixed carbon is rapidly mineralized through aerobic and anaerobic (sulphate reducing) respiration (Canfield and Des Marais, 1991; Visscher et al ., 1992) . A simple carbon cycle, in which C cycles between inorganic and organic species, illustrates the need for an additional redox species ('A ¢ in Fig. 1 ): O and S are the major elements that fill this role in microbial mats. When there is a conversion from inorganic to organic carbon by autotrophs, organic biomarkers can accumulate in the lithos-phere and reduced C-containing gases (e.g. methane, low-molecular weight fatty acids, volatile organosulphur compounds (VOSC), including dimethyl sulphide and methanethiol) can enter the atmosphere. The opposite scenario, in which respiration by heterotrophs prevails, could yield carbonate minerals as a permanent signature (Visscher et al ., 2002) .
In addition to the coupling between C and S through the redox reactions described above, these element cycles interact through assimilatory pathways. S-containing cell components include amino acids, sulpholipids and certain osmolytes . Previous studies in hot spring (Zinder et al ., 1977) , temperate Visscher and Kiene, 1994; Jonkers et al ., 1998) and hypersaline mats have found that cell material can, when degraded, generate VOSC including dimethylsulphide (DMS) and methanethiol. In most marine and hypersaline systems studied to date, the osmolyte dimethylsulphoniopropionate (DMSP) has been the major precursor of DMS production (Kiene and Visscher, 1987; Kiene and Taylor, 1988; De Zwart and Kuenen, 1992; Jonkers et al ., 1998) . Alternative sources for DMS include microbial reduction of dimethylsulphoxide (De Bont et al ., 1981; Kiene and Capone, 1988) and methylation of methanethiol (Kiene and Capone, 1988; Kiene and Hines, 1995; Visscher, 1996) .
Dimethyl sulphide is the single most important biogenic contributor of S to the atmosphere (Kiene and Bates, 1990; Visscher, 1996) , its oxidation leads to the formation of cloud condensation nuclei and is linked to planetary albedo (Charlson et al ., 1987) . The production of VOSC can exceed consumption in microbial mats, as was found for DMS , in which case a biogenic sulphur signature in the atmosphere can be expected (cf. Van den Berg et al ., 1998) . Considering the extent of microbial mat predominance on early Earth, even a small contribution could have had a significant impact on the chemistry of the atmosphere (Des Marais and Walter, 1999) . The aim of this study was to determine the flux of VOSC, particularly DMS and methanethiol, and to investigate the mechanism(s) of DMS formation and destruction in microbial mat environments.
We performed field measurements of chemical profiles in microbial mats from two hypersaline ponds (approximately 90 and 110 p.p.t. respectively; Des Marais, 1995). Benthic fluxes were determined by chambers deployment, in situ and in aquarium experiments near the site. Production and consumption were further characterized under different incubation conditions in bottle experiments using homogenized mat samples to which specific metabolic inhibitors were added. Abiotic (photochemical) consumption in the water column was determined under different spectral conditions ( ± UV).
Results

Microelectrode measurements
Profiles of O 2 and S 2-in the two salt ponds showed diel patterns typical of microbial mats ( Fig. 2) : During early afternoon measurements, the O 2 concentration in pond 4 peaked at approximately 1-1.5 mm depth and the profile suggested an O 2 flux from the sediment into the overlying water ( Fig. 2A) . Nighttime measurements showed complete anoxic conditions in the mat (minimal O 2 penetration) during the night. The sulphide profiles followed the opposite pattern: during the day, free S 2-was first observed at 2.25 mm depth, near the depth of oxygen penetration ( Fig. 2A) . Replicate profiles measured within a vertical distance of 1 mm revealed a repetitive pattern in depth of O 2 and S 2-penetration. The overlap of O 2 and S 2-in Fig. 2A could have resulted from the spatial or temporal difference between the two measurements, and indicated a vigorous reoxidation of sulphide. During the night, sulphide reached the sediment surface, possibly diffusing into the water column. Pond 5 mats (Fig. 2B) revealed the same pattern of O 2 and S 2-fluctuations, with the exception that the maximum [O 2 ] measured under identical light intensities was approximately two-thirds (463 ± 58 m M) of that in pond 4. Similarly, comparison of nighttime sulphide concentrations showed that values in pond 5 were about one-third of those in pond 4, whereas daytime sulphide profiles in pond 5 were two-thirds of those observed in pond 4. 
Inventory of sulphur gases
Field experiments in flux chambers and slurry experiments in bottles typically showed the presence of methanethiol, DMS and DMDS. Additional gas chromatographic peaks were further analysed in the lab using GC/MS. Most typically, observed sulphur gases included mercaptoethane, mercaptoaceate, mercaptopropane, mercaptopropanol, mercaptobutane and mercaptobutyrate. Depth profiles of DMS (Fig. 3) showed a decrease in the DMS concentration with depth and peaks of 196 ± 18 and 63 ± 16 pmol cm -3 sediment in pond 4 and 5 respectively. Traces of dimethylsulphoniopropionate (DMSP), a common precursor of DMS in marine environments (Charlson et al ., 1987; Kiene and Bates, 1990) , were found only near the surface.
Production of volatile sulphur compounds
Controlled environment (aquarium) experiments. The flux of DMS and methanethiol was followed in chambers deployed under constant temperature and ambient light conditions for approximately 24-26 h over an entire diel cycle. Figure 4 shows a typical pattern of the DMS flux measured at ambient temperature and at two salinities (90 and 115 p.p.t., mimicking conditions in pond 4 and 5 respectively). The flux in pond 4 (low salinity) was 2.5-6 times higher than in pond 5 (high salinity) samples (Table 1 ). In mats from both ponds, the daytime flux was 3-10 times lower than the nighttime flux ( Fig. 4 ; Table 1 ). Traces of methanethiol were always observed, but no clear pattern emerged (data not shown). Similar experiments with pond 4 mats incubated under different temperatures (ambient temperature ± 10 ∞ C) revealed an increased flux with increasing temperature (Table 1 ). The Q 10 value for DMS production in flux chamber studies was 1.9. Exclusion of oxygen in pond 4 mat samples led to a 50% increase during nighttime and no significant increase in the DMS flux during the day (Table 1 ).
In situ chamber incubations. The in situ DMS fluxes both in the daytime and nighttime were approximately one-third of the rates measured in the controlled aquarium experiments (Table 1 ). Minor differences in oxygen concentration and light intensity between the two experimental designs may have contributed to this observation. No significant amounts of methanethiol or its oxidation product DMDS were observed in the benthic chamber experiments.
Slurry experiments. The DMS production rates in homogenized mat samples (Table 1) were four and 3.5 times higher than comparable aquarium rates for pond 4 (daytime and nighttime respectively) and three times higher for pond 5 (both daytime and nighttime rates). After a short lag phase (0-1.5 h), the DMS concentration increased for 6-8 h before levelling off (data not shown). Only a slight decline from the 12 h concentration was observed after 24 h (8.6 ± 4.1% for all treatments) and at the end of the experiment (10.5 ± 4.2% for all treatments after 30 h). When mat homogenates of both ponds were autoclaved, the DMS production dropped to a fraction of the values observed in live slurries. A pilot study under oxic conditions using the purge-and-trapping method revealed small amounts of methanethiol, so separate samples were taken to improve the sensitivity of measurements of this volatile sulphur compound. In the presence of oxygen, Fig. 4 . Diel measurements of the DMS flux from mats to the water column measured in stirred glass chambers under controlled conditions. Triangles are pond 4 mats (low salinity), diamonds are pond 5 mats (high salinity). Arrows indicate when the contents of the chambers were re-homogenized with pond water and redeployed on the mats at sunrise and sunset. Table 1 . Effects of temperature, salinity, and oxygen content on net DMS flux rates under both light and dark incubations.
Treatment
Net DMS production rate (pmol cm
Pond 4 (low S; 20∞C) 136 ± 118 (n = 4) 55 ± 19 (n = 4) Homogenized sediments (bottles) Pond 4 (low S; 20∞C) 1732 ± 64 (n = 9) 628 ± 50 (n = 9) Pond 4 (low S; 10∞C) 1442 ± 117 (n = 9) 437 ± 73 (n = 9) Pond 4 (low S; 20∞C; killed) 206 ± 68 (n = 3) NT a Pond 5 (high S; 20∞C) 538 ± 38 (n = 9) 94 ± 31 (n = 9) Pond 5 (high S; 20∞C; killed) 75 ± 33 (n = 3) NT
a. NT, not tested. Measurements summarize aquarium incubations, in situ flux benthic chambers and bottle experiments. Means ± standard deviation are given (n is the number of observations used for the calculation).
methanethiol is oxidized to DMDS. Treatment of samples with tributylphosphine cleaves DMDS to methanethiol, and the potential production can thus be estimated from the increase in DMDS concentration over time. Under anoxic conditions in the dark, methanethiol first increased, but then decreased to undetectable levels in both pond 4 and 5 slurries (Fig. 5 ). In contrast, under oxic conditions in the light, the methanethiol concentration increased steadily for 4-8 h before levelling off, at initial rates that were about 3.5 times higher in pond 4 slurries than in pond 5 slurries.
Chemical production of DMS. Upon addition of methanethiol or sulphide, DMS was produced rapidly (Fig. 6 ) in filter-sterilized pond water (containing relatively low dissolved organic carbon) and mat homogenate (containing relatively high dissolved organic carbon). The final concentration of DMS was approximately 10 times higher with the addition of sulphide or methanethiol, and filtersterilized homogenates sustained a higher DMS production rate than pond water treatments. However, the final DMS concentration was only two to three times higher in the homogenate treatments when compared to similar methanethiol or sulphide treatments in pond water. In a separate experiment (data not shown), the concentration of DMS under a H 2 /N 2 atmosphere in the presence of 50 mM sulphide increased slowly during the first 7 h of the experiment after which it levelled off. DMS production was only observed in the treatment that received both H 2 and sulphide and the concentration peaked at 2.5 ± 2.3 nM. Methanethiol was not observed in this experiment.
Consumption of DMS and methanethiol
Controlled environment experiments at the field site.
The biological consumption of DMS in pond water samples was determined from the difference in DMS concentrations in filtered (chemical sinks) and unfiltered samples (biological and chemical sinks). The difference in consumption rate between the two treatments was not significant [v filtered = 92% (±14%) v unfiltered ]. The second experiment with pond water samples investigated the photooxidation of DMS as a function of the light quality. No significant differences were observed between light and dark incubations in glass bottles (Fig. 7) , and DMS consumption stopped after sunset (approximately 19 : 00) in all treatments. About two-thirds of the initial DMS was consumed during the daytime under conditions that allowed for the highest energy light quanta ('UV A +B¢) to penetrate. When the spectral distribution was limited to visible light + UV A, about 30% was consumed, and in visible light, only 10% of the initial DMS disappeared. In all experiments, DMSO was the sole oxidation product of DMS (Fig. 7) .
Slurry experiments. Dimethylsulphide consumption rates that had been corrected for chemical oxidation in the controls were only slightly higher under oxic conditions compared to anoxic incubations (15.4 ± 3.4 and 11.4 ± 2.9 nmol cm -3 slurry h -1 respectively; Table 2 ). The methanethiol consumption rate under anoxic conditions (19.2 ± 11.6 nmol cm -3 slurry h -1
) was higher than the rate of DMS consumption, but there was a higher degree of variability among replicates. Methanethiol is quite surfacereactive (Kiene and Taylor, 1988; Kiene and Hines, 1995) and adsorbs to glass and particles. This may explain the poor replication in methanethiol treatments. Addition of metabolic inhibitors decreased the consumption rates of DMS and methanethiol. Under oxic conditions, MBE (a monooxygenase inhibitor) had the greatest inhibitory effect on DMS consumption, and, under anoxic conditions, DMS consumption was almost stopped in the presence of molybdate (blocking SRB), but only marginally so in the presence of BES (blocking methanogens). Methanethiol consumption rates were only reduced by inhibition of methanogenic bacteria with BES.
Discussion
Microbial mats are the most ancient and resilient ecosystems on Earth (Walter et al., 1992; Castenholz, 1994) , dating back probably prior to 2.4 billion years BP when extensive stromatolitic structures were constructed. Although the species composition and physiology of microbial mats may have changed through time, the dominant community structure has prevailed, as suggested by fossilized cyanobacteria (Schopf, 1992) . These characteristics validate studies of microbial mat metabolism to enhance understanding of early life on Earth. Interestingly, studies of the production and consumption of atmospheric constituents other than oxygen (Des Marais, 1990) have been sparse (e.g. Andreae, 1984; : Visscher, 1996 . A recent report of a vast H 2 and CO production by Lyngbya-dominated mats (Hoehler et al., 2001) illustrated the important potential influence that these ecosystems might have had on the atmospheric chemistry of early Earth. The high net production of microbial mats and high rates of element cycling suggest that complex interactions exist between the various elements, particularly those of C, O and S . Although production of reduced organic gases, including CH 4 and DMS, in mats has been reported (Zinder et al., 1977; Visscher et al., , 1996 Visscher and Kiene, 1994; Jonkers et al., 1998) , mechanistic studies were lacking. The DMS and methanethiol production patterns in this study indicate that, in microbial mats, these volatile sulphur compounds can be biogenically produced as the result of community metabolism, and need not be formed from the breakdown of DMSP. Increases in DMS production were associated with changes in community metabolic activity. The depth profiles of oxygen and sulphide (Fig. 2) suggest that microbiological activity is higher in pond 4 than in pond 5 and this higher rate of metabolic activity is associated with increased DMS production (Fig. 3) . Changes in salinity, temperature and oxygen concentration all reveal the importance of biological processes in regulating the flux of DMS to the atmosphere. In our aquaria experiments, lowering the salinity of the system resulted in a threefold increase in DMS flux, while changing the temperature reveals a Q 10 of 2.2 for DMS production, which is typical for biological systems (Hargrave, 1969; Garrett and Grisham, 1995) . In addition, the exclusion of oxygen greatly increased the flux of DMS, suggesting involvement of anaerobic metabolism in its production. Finally, killed mat homogenates from both ponds produced nearly an order of magnitude less DMS than live slurries (Table 1) .
The major route of DMS formation in the Guerrero Negro mats is hypothesized to be the methylation of methanethiol. Dimethyl sulphide formation in this system did not proceed via the degradation of DMSP. This hypothesis is supported by the fact that DMSP is not detectable in the Guerrero Negro mats, and DMS is readily formed when sulphide or MT is added to filter sterilized mat extracts in the absence of DMSP. The methylation of H 2 S has been suggested as a source of methanethiol in anoxic marine sediments (Mopper and Taylor, 1986 ) and of methanethiol and DMS in bogs (Kiene and Hines, 1995) . High rates of sulphate reduction produce ample H 2 S ( Fig. 2 ; Canfield and Des Marais, 1991; Visscher et al., 1992) , and cyanobacterial photosynthesis generates lowmolecular weight organic carbon compounds directly (Bateson and Ward, 1988) , or indirectly through heterotrophic fermentation of photosynthates. Abiotic incubations with pond water and mat extracts to which H 2 S or methanethiol (Fig. 6 ) was added, lead to the following possible mechanisms of biogenic DMS production:
and CH 3 SH + XCH 3 AE CH 3 SCH 3 + XH (2) where X is a 'generic' methyl group donor (low-molecular weight organic carbon). Alternatively, based on the observation of high concentrations of H 2 and CO in the Guerrero Negro mats (Hoehler et al., 2001) , DMS could be formed as a result of an abiotic reaction combining biogenic sulphide, CO and H 2 :
In our experiment, the rate of DMS formation resulting from methylation of sulphide (Equations 1 and 2) was approximately two orders of magnitude higher than that produced by an abiotic reaction involving CO and H 2 (Equation 3). Moreover, DMS was rapidly produced upon addition of methanethiol, traces of which were found in most of the VOSC production experiments. Microbial methyltransferases are commonly found and may enhance the production of VOSC emissions (Drotar et al., 1987) and so Equations 1 and 2 may be biologically mediated. Furthermore, Finster et al. (1990) reported the formation of methanethiol and DMS from methoxylated compounds (syringate) and H 2 S in anoxic coastal marine sediments, a phenomenon also observed in freshwater sediments by Lomans et al. (2001) . Kiene and Hines (1995) found that the addition of methylated substrates stimulates DMS and methanethiol production, thus implicating mechanisms that are potentially similar to the ones we describe in the current study. A preliminary study indi-cates that DMS production decreased by one to two orders of magnitude upon addition on Fe(II) (P. T. Visscher, unpublished results), which removes the H 2 S produced by SRB (Heijs et al., 1999) . When a source of DMSP is present in microbial mats the flux of DMS to the atmosphere can be enhanced. DMS concentrations in a hypersaline (91 p.p.t.), alkaline (pH 9.7) microbial mat at Mono Lake, CA , were 50 times higher than in our current study. In contrast to our present study, the Mono Lake mat system contained high concentrations of DMSP. Similarly, in a temperate marine microbial mat system that contained relatively high concentrations of DMSP, the DMS concentrations were three orders of magnitude higher than in the current study .
The flux rate calculated from the DMS depth profile (Fig. 3) , and a porosity F of 0.5, is 42.3 and 1.4 pmol cm -2 h -1
, for pond 4 and pond 5, respectively, which is, given the resolution of the depth profile, in fairly good agreement with the experimental observations ( Table 1) . The DMS flux rates reported here are approximately 20 times higher than those reported in oligotrophic bog slurries (Kiene and Hines, 1995) , which is not unexpected if the difference in primary production in both systems is considered. A flux rate of 14.7 nmol DMS m -2 day -1 predicted from a numerical model for a temperate microbial mat (Van den Berg et al., 1998) was almost three orders of magnitude lower than what we report here. However, the model calculations assume that the production of DMS depends on growth of the cyanobacterial population, which produces DMSP (Keller et al., 1989; . The DMSP is then presumably degraded to produce DMS (e.g. de Zwart and Kuenen, 1992; Taylor and Visscher, 1996; Lomans et al., 2002) . It is unlikely that a large fraction of the DMSP pool would turnover on a daily timescale, and so other sources for DMS must exist (Kiene and Visscher, 1987; Vogt et al., 1998) . Our experiments provide an alternative to the notion that DMSP or Scontaining amino acids are the dominant precursor of DMS in intertidal sediment systems (see Equations 1 and 2).
In their bog study, Kiene and Hines (1995) observed a pattern of a linear increase in DMS concentration with time before leveling off, similar to our observations. From our DMS consumption measurements, it seems plausible that, after reaching a certain threshold concentration, a quasi-steady state of production and consumption is established in the slurries. Under anoxic conditions in our study, methanethiol is first produced and then consumed completely (Fig. 5) , at a rate that is similar to methanogenic consumption (Table 2) .
Gross production of DMS in the microbial mat samples is even higher than the values reported in Table 1 , because both DMS and methanethiol were also being consumed. DMS and/or methanethiol consumption could only be measured when these VOSC were added in concentrations higher than in situ. Addition of 'specific' metabolic inhibitors to mat homogenates indicates that monooxygenase-containing microbes were the dominant DMS users under oxic conditions ( Table 2 ). The aerobic pathway that deploys this enzyme for methyl sulphide consumption is widespread (De Bont et al., 1981; Taylor and Visscher, 1996) . Surprisingly, anoxic consumption of DMS was apparently carried out by SRB, whereas methanethiol under the same conditions was degraded by methanogenic bacteria. In previous studies, both DMS and methanethiol have predominantly supported the methanogenic population (e.g. Oremland et al., 1986; Visscher and Kiene, 1994) . The use of DMS presumably by SRB is in agreement with observations in salt marsh slurries (Kiene and Visscher, 1987) , in which low DMS concentrations were consumed by SRB, while methanogens only metabolized DMS when the concentration exceeded approximately 100 mM.
The major pathway of DMS destruction in the water column was photochemical oxidation to DMSO, similar to earlier observations (Brimblecombe and Shooter, 1986; Kiene and Bates, 1990) . A variety of microorganisms can use DMSO as electron acceptor and reduce it to DMS (Taylor and Visscher, 1996) . Because potential sources and sinks of DMS were determined in this study, a mass balance can be estimated. Assuming 12 h light and 12 h darkness, a net production of 8.03 nmol DMS cm -2 day -1
for pond 4 can be calculated. However, removal of DMS in the water column depends on light. Assuming a water depth of 90 cm in pond 4 with UV available throughout the water column, all of the 2.05 nmol DMS cm -2 produced during the light period will be removed, as the observed photochemical oxidation during that period is 8.1 nmol cm -2 day -1
. However, it is unlikely that UV penetrates to the bottom of the pond. Assuming a water column transparency for UV (1/K d ) of 0.3-0.6 m at 320 nm in an oligotrophic lake station (Vincente et al., 2001) , approximately <25% of the DMS that is delivered from the sediments is photochemically removed in the water column. A conservative estimate of the flux from the mats to the atmosphere therefore ranges from 59.7 to 75.2 mmol DMS m -2 day -1 , or 0.08-0.25% of the sulphate reduced in the mat (cf. Canfield and Des Marais, 1991) . Clearly, further measurements including in situ atmospheric measurements are needed to verify these numbers.
Dimethyl sulphide and methanethiol were the most prevalent VOSC produced in the microbial mats of Guerrero Negro. Our data strongly suggest that intimate coupling of C and S cycles in the mat through metabolic activity of cyanobacteria and SRB results in the biogenic production of these sulphur compounds. Physiological responses of the community indicate that the amount of DMS produced is a function of salinity, temperature, and [O 2 ]. The lack of biological sulphide removal during the night when O 2 is absent in the mat may contribute to the higher nighttime flux. It is apparent that biogenic signatures can be amplified by the response of different functional groups of microorganisms to changing environmental conditions.
Experimental procedures
Field site description
The experiments were conducted in subtidal cyanobacterial mats from seawater evaporation ponds of Exportadora de Sal, S.A. (ESSA), Guerrero Negro, Baja California Sur, Mexico. Guerrero Negro contained natural salt marshes before the creation of the evaporation ponds c. 1970 (Jørgensen and Des Marais, 1986) . The evaporation ponds represent a salinity gradient from 40 p.p.t. to saturation, with ponds 4 and 5 (the two pond used in the present study) having salinities of 85-95 p.p.t. and 95-115 p.p.t. respectively (this study; Canfield and Des Marais, 1993; Des Marais, 1995) . Both of these ponds have well-developed microbial mats (cf. Stal et al., 1985) , dominated by Microcoleus chthonoplastes. The mats are about 40-50 mm thick and consist of a clear mm-scale lamination of alternating dark green, tan, and orange layers, overlying a black (FeS) horizon (Des Marais et al., 1992; Des Marais, 1995) . The presence of diatoms, purple sulphur and green non-sulphur anoxyphototrophs, SRB and SOB can be recognized in both mats (Jørgensen and Des Marais, 1986; Canfield and Des Marais, 1991; Des Marais et al., 1992; Pierson et al., 1994) . The physical environment of the mats varies in more than just salinity. In pond 4, the pH is 8.2, the mats are exposed to higher rates of sedimentation, and overlying water depth is 110 cm. In pond 5, the pH is 8.7, and overlying water depth is 70 cm (this study; Canfield and Des Marais, 1993) . Hydrodynamic conditions at the mat interface are characterized by a mild wind driven circulation. Temperatures within the ponds range from 15 to 20∞C.
Experiments
DMS production in situ and aquarium studies. Aquarium flux studies: pyrex glass benthic flux chambers (Canfield and Des Marias, 1993) were deployed in aquaria maintained under conditions that mimicked those in the ponds. These chambers had volumes of ~1300 ml and covered 0.02 m 2 of mat surface. The pyrex glass allowed visible light to illuminate the mat surface at near ambient levels, yet no appreciable heating (<1∞C) was detected within the chambers. All-glass stir rods in the chambers revolved at about 4 r.p.m. to provide constant mixing. A fine-mesh screen was placed over the aquaria to reduce illumination of the mat surfaces to about 55% of ambient light levels. This illumination mimicked the light intensity that were experienced by the mats at pond water depths of about 70-90 cm. At sunset, the flux chambers were deployed on the mats and immediately sampled for various species (e.g. O 2 , DIC and reduced gases). A headspace consisting of N 2 and O 2 was then added to the chambers to maintain oxic conditions at night, despite uptake of O 2 by the mats. The chambers were sampled at midnight both for dissolved species and for gases that had accumulated within the headspace. The chambers were sampled again at sunrise and then redeployed with fresh aquarium tank water in order to insure that dissolved constituents within the chambers would not become limiting during the incubations. The chamber redeployments required about 40 min. The chambers were sampled immediately after deployment, again at noon, and, finally, at sunset. Deployments were carried out both under conditions that mimicked in situ salinity and temperature (control treatments), as well as under different environmental conditions, including elevated or reduced temperature (ambient temperature (15-17∞C), 10∞C and 29∞C), and lowered O 2 concentrations (pond water purged with N 2 lowering [O 2 ] to less than 5% air saturation; the remaining O 2 was consumed within 60 min).
In situ flux measurements. Acrylic benthic flux chambers (30 ¥ 30 ¥ 10 cm, equipped with a paddle wheel set at a rate of about 6 r.p.m.) were deployed in situ and liquid samples were withdrawn every 6 h with 10 ml glass syringes. The syringes were frozen in liquid nitrogen and the contents were analysed within 1-7 h after sampling using the purge-and trap method (see below). Dimethyl sulphide standards that were treated similarly demonstrated 87-92% accuracy for this sampling method.
DMS and methanethiol production in homogenized mat samples
Slurry experiments carried out in the laboratory were typically started within three to four days after collection of the mat material. Prior to slurry preparation, microprofiles of O 2 and S 2-concentrations (data not shown) revealed that microbial activities in the mat samples were virtually identical to those of freshly collected sediment materials. Slurries were prepared by homogenizing the upper 25 mm of the sediments taken from either pond 4 or pond 5, and mixing three volumes of filtered water from the appropriate pond with one volume of sediment. The slurries were dispensed to fill 125 ml serum bottles and were crimped-sealed using Teflon-lined septa. The light treatments were maintained at least 20% of O 2 saturation, which was measured and adjusted by adding small amounts of O 2 when necessary. Dark treatments were purged with N 2 for 8 min and maintained under anoxic conditions. The experiments were carried out for 30 h with three replicates per treatment, and bottles were incubated at 20∞C. During the first 12 h of the experiment, samples for DMS and methanethiol were taken every 30 min to 1 h. The last two samples were taken at 24 h and 30 h. Aliquots (3 ml each for DMS and methanethiol) were withdrawn using sterile glass syringes equipped with a 0.22-mM syringe filter. Samples for methanethiol were transferred to a 17 ml serum bottle and treated with tributylphosphine prior to headspace analyses by gas chromatography. DMS was measured by gas chromatography (see below) following purging with He and cryogenic trapping in liquid N 2 . After sampling, the bottles were refilled with filter-sterilized pond water.
DMS production in the lab: chemical experiments
The potential mechanisms of DMS production were investigated in the laboratory using 165 ml serum bottles (no headspace) containing either filter-sterilized pond 4 water or filter-sterilized mat homogenate from pond 4. Filter sterilization was performed in an anoxic chamber using GF/F and 0.22 mM membrane filters. The liquids (three replicates per treatment) received either methanethiol (1 mM final concentration) or H 2 S (100 mM final concentration). Filter-sterilized pond water and mat homogenate without additions functioned as controls. Production of DMS was then followed for up to six hours by removing 3 ml aliquots in which the DMS was measured following purge-and-trapping. After each sampling, the bottles were refilled with filter-sterilized, purged pond water. In a separate experiment, 15 ml slurries and pond water samples (in triplicate) were incubated in 37 ml serum bottles under a N 2 /H 2 (3:1 v/v) atmosphere. Hydrogen sulphide was added to a final concentration of approximately 50 mM. Control treatments contained either no H 2 or no sulphide. The production of DMS and methanethiol was measured by headspace analyses for nine hours.
DMS and methanethiol consumption in situ and in natural samples
The consumption of DMS was measured in sediments and pond water samples. Filtered and unfiltered incubations were done with water from pond 4 in 37 ml glass serum bottles to determine biological consumption. Treatments included a control (no addition) and DMS supplements (in triplicate) of approximately 20 and 200 nM. DMS samples were taken every two to three hours for 10 h by withdrawing 3 ml aliquots by syringe. After each sampling, the serum bottles were filled with either filtered or unfiltered pond water. In another experiment, DMS was added to pond water to a final concentration of approximately 175 nM (150-190 nM) . Unfiltered pond water was used in this experiment as biological consumption of DMS was slow. Samples were incubated in the dark in glass bottles, and in natural light in either glass or Teflon bottles or in Whirlpack sterile sampling bags. Glass allows predominantly visible light to pass ('VIS'), Teflon blocks most of the light <320 nm ('UV A¢), and Whirlpack blocks mostly light with wavelengths <280 nm ('UV A +B') (S. R. Miller and R. W. Castenholz, personal communication). The DMS and dimethylsulphoxide (DMSO) concentration in each treatment (three replicates per treatment) was followed from 07:00 hours until 21:00 hours.
Slurry experiments were carried out in the laboratory as described above, with the exception that 20 ml slurry was dispensed into 37 ml serum bottles and crimped-sealed using Teflon-lined septa. The headspaces of the anoxic incubations were flushed with N 2 for 3 min. Oxic treatments maintained at least 20% of O 2 saturation in the slurry, which was measured and adjusted by adding O 2 every day. For DMS, both oxic and anoxic treatments included live and killed controls and the experiment was carried out with three replicates per treatment. Methanethiol consumption was only measured under anoxic conditions due to the rapid chemical oxidation to DMDS in the presence of oxygen (Kiene and Hines, 1995) . The bottles were incubated for five to seven days in a shakerincubator under mild agitation (20 r.p.m.) at 20∞C in the dark. All bottles were preincubated overnight after which the following additions were made: none (controls), DMS (approximately 100 and 1000 nM DMS final concentration) or methanethiol (approximately 100 and 500 nM final concentration). For each concentration, treatments (in triplicate) included: controls (no additions), killed controls (sediments autoclaved at 121∞C for 45 min), and the following metabolic inhibitors (Visscher and Taylor, 1993) : methylbutyl ether (0.5 mM MBE; inhibits monooxygenases), and chloroform (0.5 mM CHCl 3 ; inhibitor of transmethylation) for oxic incubations, and bromoethanesulphonate (10 mM BES; inhibitor of methanogenesis), molybdate (35 mM MoO 4 2-; inhibitor of sulphate reduction), and CHCl 3 for anoxic incubations. The concentration of DMS and methanethiol was measured in the headspace several times per day for two to five days.
Analyses
Oxygen and sulphide depth profiles. Microelectrode observations were carried out near the field site in quiescent water (similar to pond bottom conditions). The mats were submersed in approximately 5 cm water, and neutral density screen was used to mimic in situ light conditions (approximately 10% of irradiance at the water surface). Measurements where carried out in freshly collected pond 4 and pond 5 mat samples between 12:00 noon and 14:00 hours ('daytime' measurements), and again between 05:30 hours and 06:30 hours ('nighttime' measurements). O 2 measurements were either made with a glass oxygen electrode or a combined oxygen-pH needle microelectrode (Diamond General, Ann Arbor MI) and a picoammeter (UniSense, Arhus, Denmark). Sulphide profiles were determined with an ion-specific needle electrode and the signal was recorded on a highimpedance millivoltmeter (Microscale Measurements, The Hague, the Netherlands). The pH measurements obtained with the combined O 2 -pH probe and the millivolt meter were used to calculate the actual S 2-concentration (Visscher et al., 2002) .
Volatile organic sulphur compounds (VOSC).
Mat samples were collected by hand in 2.5 cm diameter stainless steel core liners. Cores were extruded and known volumes of individual layers (1-5 cm 3 ) were transferred into 37 ml serum bottles that contained 15 ml of NaCl-saturated solution. Sulphur gases were determined by analysis of the headspace (see below). DMSP was measured as the increase in the concentration of DMS upon addition of 5 ml of 10 N NaOH and 1 h of alkaline hydrolysis. In all other experiments, volatile sulphur compounds were collected either directly from the headspace of serum bottles or by purge-and-trapping using He or N 2 purge gas at the flow rate of 60-100 ml min -1 . Pilot experiments showed that by purging 1.5 min, >90% of the DMS in a sample was collected in the liquid N 2 trap. Disulphides were cleaved using 20 ml tributylphosphine (Mopper and Taylor, 1986) . Gas analysis was carried out on a Shimadzu GC 14 A, equipped with a Supelpak S or Carbopak BH/T column (Supelco, St Louis, MO) and sulphur-specific flame photometric detection. For most experiments, injector, oven and detector temperatures were 125, 105 and 130∞C respectively. In some experiments, the oven temperature was lowered to 90∞C. Peak areas and retention times were recorded on a Shimadzu CR501 integrator or on a PC using EZ-Chrom Elite software (Scientific Software, Pleasanton, CA). Dimethyl sulphide standards were generated from DMSP stock solutions that were hydrolysed using 10 N NaOH, and methanethiol standards were generated by treating dimethyldisulphide (DMDS) solutions with tributylphosphine. The soluble fractions of DMS and methanethiol were calculated from empirically derived distribution coefficients using the appropriate salinities. The reported concentrations of DMS and methanethiol are calculated for the original volume of sediment used in the corresponding experiment. Further gas analyses were carried out on a Shimadzu GC/MS QP5000, using 12 different thiols as standards. Dimethylsulphoxide was measured as DMS after reduction using titaniumoxide (Kiene and Gerard, 1994) . Sulphide was determined using the methylene blue method (Trüper and Schlegel, 1964) .
Chemicals
All chemicals were standard reagent grade. DMSP was obtained from Research Plus, Bayonne, NJ. DMS, DMSDS, DMSO, mercaptoethanol, mercaptoethane, mercaptoaceate, mercaptopropane mercaptopropanol, mercaptopyruvate, mercaptobutane, mercaptobutyrate and tributylphosphine were obtained from Sigma-Aldrich, St Louis, MO.
